Abstract-Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system. It is mediated by activated lymphocytes, macrophages, microglia, and complement. In MS, myelin-forming oligodendrocytes (OLGs) are the targets of inflammatory and immune attacks. OLG death by apoptosis or necrosis causes the cell loss seen in MS plaques. Studies of experimental allergic encephalomyelitis (EAE) in caspase 11-deficient mice show that caspasemediated death of OLGs is critical to demyelination. Complement activation may affect MS pathogenesis through activated terminal complex C5b-9, which promotes demyelination, and through sublytic C5b-9, which protects OLGs from apoptosis. By inducing EAE in C5-deficient mice, we showed that complement C5 promotes axon preservation and new myelin formation, which protect OLGs from apoptosis. These findings indicate that activated complement C5b-9 plays a proinflammatory role in acute MS but may also protect OLGs from death in chronic MS.
INTRODUCTION
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system (CNS). Although the cause of MS remains unknown, the cell death and tissue damage seen in MS is generally accepted to be caused by activation of the immune system and subsequent inflammation [1] . The pathogenesis of MS consists of inflammatory and neurodegenerative phases [1] . Acute MS lesions are generally characterized by active demyelination and inflammatory cell infiltrates, including T cells, B cells, macrophages, and activated microglia. Axonal transection is present in acute inflammatory lesions, but most axonal loss is seen in secondary progressive MS [2] . Based on careful analysis of MS lesions from biopsy and autopsy tissues, MS lesions have been classified by four distinct histopathologic patterns [3] . Pattern I lesions (12% of cases) and Pattern II lesions (53% of cases) are characterized by perivenous inflammation and large demyelinating plaques. Pattern II lesions also show deposition of immunoglobulins and activated complement proteins. Pattern III lesions (30% of cases) are poorly demarcated and associated with relatively early loss of oligodendrocytes (OLGs) by apoptosis and loss of myelin-associated glycoprotein. Patients with Pattern III lesions appear to have a short remittingrelapsing clinical course. In Pattern IV lesions (4% of cases), demyelination is perivenous and associated with cell necrosis [3] . Patients with Pattern IV lesions often show a primary progressive clinical course with cognitive dysfunction.
In the absence of T cells and activated macrophages, apoptotic OLGs were also found in new (<3 mo) acute MS lesions [4] . The new lesions also showed deposition of the terminal complement complex C5b-9 on altered myelin [4] . These findings suggest that OLG apoptosis is affected not only by the type of MS lesion but also by the age and activity of the lesion. Therefore, a particular pattern may not represent a different type of lesion but rather the same lesion at a different stage of the disease. In this review, we will examine the pathophysiologies of MS and experimental allergic encephalomyelitis (EAE).
MULTIPLE SCLEROSIS: AN INFLAMMATORY DISEASE
EAE is a valuable animal model for investigating the inflammatory mechanisms of MS. Demyelination primarily results from a T cell-mediated immune response to various myelin antigens. EAE is induced by immunization with myelin, myelin proteins, and myelin protein encephalitogenic epitopes or by the passive transfer of myelin-reactive cluster of differentiation (CD) 4 cells. Myelin antigens or antigens that mimic myelin epitopes prime T and B cells in the peripheral lymphoid tissues [5] [6] . T cell activation requires an initial signal from the presenting antigens together with costimulatory signals (e.g., binding of B7 protein on macrophages to CD28 receptor on T cells). T cells activated in this manner proliferate and differentiate into CD4, CD8, and cytotoxic T cells. CD4 T cells differentiate further into helper T cells (T H ) 1 and 2. T H 1 cells synthesize inflammatory cytokines, such as tumor necrosis factor (TNF)-β, interferon (IFN)-γ, and interleukin (IL)-2 [7] . T H 2 cells produce the anti-inflammatory cytokines IL-4, IL-5, IL-10, IL-13, and transforming growth factor β. Studies have demonstrated the presence and activation of myelinreactive T cells in the blood and cerebrospinal fluid (CSF) of MS patients [8] [9] . The T H 1 cells of MS patients are biased toward myelin basic protein (MBP) and proteolipid protein reactive cells [10] . These data support the concept of MS as a T H 1-driven autoimmune disease. MS is associated with the up-regulation of proinflammatory cytokines like TNF-α, TNF-β, IFN-γ, and IL-12 [11] . Production of predominantly proinflammatory cytokines leads to up-regulation of endothelial cell adhesion molecules, to which T cells bind in a receptorspecific manner. These T cells then enter the perivascular space via the blood-brain barrier (BBB); matrix metalloproteinases, which degrade the extracellular matrix of the BBB, facilitate this migration [12] [13] (Figure 1) .
Recent evidence suggests that chemokines are important mediators of T cell trafficking to the CNS [14] . Elevated expression of C-C motif chemokine receptor (CCR) 2, CCR5, and CXC motif chemokine receptor 5 (CXCR5) on blood and CSF cells is associated with clinical relapse in some MS patients. These receptors and their ligands are also expressed on infiltrating lymphocytes in MS plaques. In the CNS, CD4 cells encounter antigens presented by microglia and astrocytes. Astrocytes and microglia can also regulate inflammation by releasing cytokines, chemokines, reactive oxygen species including nitric oxide (Figures 1-2) .
Whether T cell subsets function as pro-or antiinflammatory effectors is not clearly defined [15] [16] [17] . Anti-inflammatory T H 2 activity may also provoke demyelination, as seen in myelin oligodendrocyte glycoprotein (MOG)-induced EAE in Brown Norway rats. In this EAE model, expression of CCR3, a chemokine receptor associated with T H 2 response, is frequently seen in infiltrating T cells [18] . More information is needed for a clear understanding of how T H 2 cells affect the initiation of inflammation and how the inflammatory process per se may cause myelin loss. Cytotoxic MBP-specific CD8-positive T cells and MOG-reactive T cells (in an adoptive transfer model) induced severe EAE manifestations [19] [20] . CD8-positive T cells are abundant in MS lesions and may be present in lesions, CSF, and blood for many years as the result of clonal expansion [21] . In aggressive disease Complement activation products are also important in myelin opsonization and uptake by macrophages through complement receptors. Sublytic C5b-9 may protect OLGs from apoptosis by inhibiting mitochondrial apoptotic pathway. Thus, complement activation plays a dual role in demyelination and OLG protection from apoptosis. IP-10 = interferon-inducible protein 10, MCP = monocyte chemotactic protein, RANTES = regulated on activation, normal T expressed and secreted.
forms, these T cells are frequently localized close to OLGs and axons and express granzyme B [22] .
Deposition of immunoglobulins and C5b-9 is seen in Devic's disease and Pattern II MS lesions [18] . C5b-9 is also found in most acute MS lesions less than 3 mo old [4] . Strong evidence indicates that the complement system is involved in demyelination through the assembly of terminal complement complex C5b-9 and that myelin is vulnerable to complement attack [23] [24] . Hence, activation of the complement system may cause direct myelin damage. OLGs may withstand limited or sublytic complement attack by shedding membrane areas that contain C5b-9 complexes [25] . Thus, the effect of C5b-9 depends on the number of complexes inserted in the membrane. As detailed further in this review, assembly of sublytic C5b-9 can enhance OLG survival. Therefore, whether C5b-9 is detrimental or beneficial during inflammatory demyelination is defined by the level of complement activation and the phase of the disease process, especially the natural course of inflammation.
MEDIATORS OF OLIGODENDROCYTE DEATH IN MULTIPLE SCLEROSIS

Fas-Fas Ligand System
Cell death receptor 95/apolipoprotein 1 (Fas) is a member of the TNF receptor (TNFR) superfamily. Fas is expressed on the cell surface and is responsible for transducing cell death signals [26] . Binding of Fas ligand (FasL) to Fas results in caspase 8 activation, which in turn activates and cleaves B cell chronic lymphocytic leukemia/lymphoma 2 (Bcl-2) interacting domain (Bid), a member of the Bcl-2 family. Truncated Bid is then translocated to the mitochondrial membrane where it initiates apoptosis by releasing cytochrome c [27] . Immunohistochemical analysis revealed increased Fas expression on OLGs on MS lesions; furthermore, the microglia and lymphocytes in the lesions showed intense staining for FasL [28] . In addition, terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)-positive cells are colocalized with FasL in MS lesions. These findings indicate that the Fas-FasL system is involved in apoptosis seen in MS [29] . Human OLGs are susceptible to FasL-induced apoptosis [28] . Treatment with IFN-γ increases Fas expression on OLGs in vitro and thus enhances their susceptibility to FasLinduced apoptosis [28] . FasL can induce caspase activation and cell death in human OLG hybrid cells [30] [31] . In addition, OLGs from mice that overexpress the p35 protein [32] or transgenic mice that are deficient in caspase 11 [33] show partial resistance to FasL-induced apoptosis. In vivo studies have also revealed the critical role of Fas-FasL interaction in apoptosis [34] . Enhanced expression of FasL on lymphocytes correlates with EAE development, whereas the expression of Fas on brain cells may play a role in EAE development. Interestingly, recovery from EAE may depend on the expression of FasL and apoptosis of infiltrating lymphocytes [35] [36] . Intrathecal administration of FasL in mice with EAE also suppresses inflammation and disease activity [37] by enhancing the death of infiltrative lymphocytes. Together these data suggest that OLGs are susceptible to FasLmediated, caspase-induced apoptotic death and that FasL plays distinct roles during the initiation and recovery phases of EAE.
Tumor Necrosis Factor α TNF-α and IFN-γ are important modulators of the T H 1 immune response. TNF-α can induce both apoptotic and necrotic death of OLGs. Caspase 1 and caspase 3 inhibition protects OLGs against TNF-α-induced apoptosis [38] [39] [40] [41] . In normal adult rat brains, OLGs express TNFR2, a receptor involved in cell growth, but not TNFR1, which mediates cell death [42] . TNFR1 is expressed on OLGs, microglia, or astrocytes in culture [43] [44] and may be important in demyelination in vivo. Microglia may mediate OLG death through TNF-α production [45] . The high levels of TNF-α found in the CSF of patients with chronic progressive MS are correlated with the severity and progression of the disease [46] . Since neutralization of TNF caused increased disease activity and TNF-neutralizing agents provoked inflammatory demyelination [47] , TNF-α may act not only as a proinflammatory and demyelinating factor but may also protect the host from demyelination.
Interferon γ
IFN-γ is produced by lymphocytes in MS lesions, and systemic administration of IFN-γ exacerbates MS [48] . IFN-γ can also be cytotoxic to OLGs in culture by modulating the cellular response to injury; these responses involve up-regulation of Fas expression [30, [32] [33] (Figure 2) . Caspase 11 is an apical caspase that activates caspase 3 and 1. OLGs from caspase 11 knock-out mice are less sensitive to IFN-γ-induced cell death, which also indicates that caspase is required for cell death. TNF-α increases the OLG-progenitor cell death induced by IFN-γ, which is partially suppressed by caspase inhibitors [49] .
ROLE OF OLG APOPTOSIS IN MULTIPLE SCLEROSIS AND EAE
In MS, demyelination is accompanied by extensive destruction and loss of OLGs [50] . The failure of axons to remyelinate during the recovery phase of an acute attack is partly due to the death of injured OLGs and the failure of OLG progenitors to mature and remyelinate axons [51] . OLG loss in MS may occur by apoptosis and/or necrosis. In acute MS, 14 to 40 percent of OLGs die by apoptosis as measured by the TUNEL method [29] . This OLG apoptosis is rarely seen in chronic MS [52] . Because apoptotic cells are rapidly removed in vivo, apoptotic OLGs are difficult to demonstrate in old MS lesions. Barnett and Prineas proposed that OLG apoptosis is the initial event in new lesion formation and the primary cause of inflammation in MS [4] . By examining relapsingremitting MS lesions within 24 h of an acute attack, the authors concluded that OLG death incited a series of responses, such as activation of complement and microglia. These responses were then followed by the demyelination seen with macrophage phagocytosis of vesiculated and opsonized myelin sheets. These observations indicate that OLG death precedes inflammation and demyelination in MS.
Significantly elevated caspase 1 messenger ribonucleic acid (mRNA) was found in the brains of patients with acute and chronic MS [53] . The presence of this mRNA was correlated with increased immunostaining of caspase 1 in MS brains and OLGs. Caspase 1-deficient mice develop a less severe form of EAE [54] . These findings are consistent with data from transgenic mice in which antiapoptotic, caspase-inhibitory protein p35 is overexpressed [32] . These mice were less susceptible to EAE and had fewer apoptotic cells. In vitro, OLGs from these transgenic mice were also resistant to cytotoxicity induced by FasL, TNF-α, or IFN-γ. The role of caspases in EAE was further supported by studies of mice that were deficient in the expression of caspase 11 [33] . The caspase 11 knock-out mice, compared with wild type, had significantly reduced incidence and severity of EAE and fewer OLGs that were positive for caspase 3. These data clearly suggest an important role for caspases in OLG apoptosis in autoimmune demyelination.
COMPLEMENT COMPLEX C5b-9 Sublytic Complement Attack Protects Oligodentrocytes from Apoptosis
As assessed by the TUNEL method, more than 50 percent of OLGs differentiated in the absence of serum growth factor for 72 h in vitro are apoptotic. This differentiation-induced apoptosis of OLGs is inhibited by caspase 3 inhibitors and exposure to sublytic amounts of C5b-9 [55] [56] . Apoptosis is initiated in OLG concomitant with a rapid decline in phosphatidylinositol-3 kinase (PI3-K) activity and Bcl-2 mRNA expression, a gradual increase in caspase 3 mRNA, and the eventual release of cytochrome c and activation of caspase 9 [56] . A sublytic amount of C5b-9 inhibits these apoptotic activities. Thus, C5b-9 rescues OLGs from serum-deprivation-induced apoptosis by inhibiting the mitochondrial pathway of apoptosis. In addition, the ability of TNF-α to promote cell death and caspase 3 activation in OLGs and the ability of C5b-9 to counteract the effect of TNF-α suggest an additional role for C5b-9 in inhibition of the mitochondrial pathway of apoptosis [56] .
Upstream signaling studies showed that C5b-9 induced strong PI3-K/Akt activities in OLGs; these activities in turn phosphorylated Bcl-2-associated death promoter (Bad). Binding of Bad to B cell lymphoma-X long (Bcl-XL) is thought to cause mitochondrial damage by displacing Bcl-XL and allowing oligomerization of proapoptotic Bcl-2-associated X (Bax) and Bcl-2-antagonist/ killer (Bak). On the other hand, dissociation of Bad from Bcl-XL and binding of Bad to cytoplasmic 14-3-3 proteins increase cell survival and require phosphorylation of Bad at serine (Ser) 112, Ser136, and possibly Ser156 [57] . C5b-9 increased Bad phosphorylation at Ser112 and Ser136 and caused Bad/Bcl-XL complex dissociation [58] . Both processes were reversed by pertussis toxin and the PI3-K inhibitor LY240092. Since Bad is phosphorylated by multiple kinases, kinases other than Akt, which phosphorylates Ser136, may have been activated. Therefore, sublytic C5b-9 attack appears to increase OLG survival, in part, by activating signaling pathways important in Bad phosphorylation and subsequent alteration of the association of Bcl-XL with Bad.
Dual Role of C5b-9 In Vivo: Proinflammatory Demyelination and Oligodentrocyte Protection
Complement involvement in demyelination in vivo has been studied in EAE by inhibiting complement activation or using rodents deficient in complement components. In rats, EAE was ameliorated by depletion or inhibition of complement with cobra venom factor or soluble complement receptor 1 [59] [60] . Complement C3 and factor B knock-out mice developed less severe EAE than control mice, which indicates an enhancing role of the alternative pathway [61] . The importance of C5b-9 in demyelination and axonal damage was recently investigated in C6-deficient rats [62] [63] . The C6-deficient rats showed significantly reduced disease activities and demyelination [62] . We analyzed the influence of C5 on inflammatory demyelination during EAE in C5-deficient (C5-d) mice for up to 120 days and found striking differences [64] . In C5-d mice, the severe inflammatory demyelination seen in acute EAE progressed to gliosis and was associated with axonal loss. On the other hand, C5-sufficient (C5-s) mice showed prominent myelin repair and axon preservation during the chronic phase of EAE. We also analyzed the effect of C5 on OLG apoptosis during EAE in C5-d mice [65] . In acute EAE, C5-d and C5-s mice had similar numbers of total apoptotic cells. During recovery, however, C5-s mice showed significantly fewer apoptotic cells than C5-d mice. In addition, although both mouse groups displayed TUNEL-positive OLGs, C5-s mice had significantly fewer TUNEL-positive OLGs than C5-d mice during both acute EAE and recovery phases [65] . These findings are consistent with the role of C5 in protecting OLG from apoptosis in EAE, possibly by forming C5b-9 and promoting remyelination during recovery.
Activated complement proteins, such as C3d and C5b-9, were associated with vacuolated myelin sheets and myelin engulfed by macrophages [3] [4] . Deposition of C5b-9 has also been shown in Pattern II but not Pattern III lesions where apoptotic OLGs are prevalent [3] . Although OLG apoptosis may occur in all MS lesions, Pattern III lesions show significantly more apoptotic OLGs. One might speculate that apoptotic OLGs are seen less frequently in Pattern II because of the activation of complement and subsequent rescue of OLGs from apoptosis. This theory is contradicted by the recent finding that C3d and C5b-9 were also associated with apoptotic OLGs in acute lesions [4] . In their study, Barnett and Prineas suggest that OLG apoptosis is prephagocytic and represents an early stage in the formation of most lesions in relapsing-remitting MS. Complement activation might play a role in the clearance of vacuolated myelin by macrophages in MS (Figure 1) . At the same time, the presence of C5b-9 suggests that complement activation may contribute to inflammation and demyelination in the acute phase of MS but reduce OLG apoptosis in the chronic phase of MS (Figure 1) .
CONCLUSION
Taken together, recent data indicate that OLG apoptosis plays an important role in the pathogenesis of MS.
Moreover complement system activation enhances OLG survival and therefore is protective.
